Over the last 70 years, national corn yield gains have occurred because of superior genetic yield potentials and management improvements such as improved water management, higher plant densities, and earlier planting dates. Some management recommendations, such as those from seed companies that promote optimum plant densities, are often environment, hybrid, and/or yield-range specific. Nitrogen rate recommendations for corn are updated annually in the Corn Belt states and are sometimes adjusted for regions or soil zones within a state. In contrast, nutrient guidelines for nutrients other than N are assumed to be constant per unit of yield produced, and have generally not been updated in key corn-producing states. Some recent studies providing nutrient content values for corn grain and/or stover did not account for management practices and yield levels for which nutrient replacement recommendations would be pertinent. The purpose of this report is to illustrate how macro-and micronutrient contents for modern corn hybrids can change in the context of diverse plant densities, N rates, and accompanying yield range influences in certain environments. The information presented here can be used to better understand nutrient content and removal for more precisely implementing best nutrient management practices for current corn hybrids at diverse yield ranges. O ptimum nutrient management (recently popularized as using the "4Rs" approach involving selection of right rate, time, placement and source [IPNI, 2012] ) should be pursued to increase corn yields in a sustainable manner. Current nutrient management decisions for nutrients other than N are typically based on publicly available information that may be more pertinent for corn hybrids and management in earlier decades (Chandler, 1960; Hanway, 1962a Hanway, , 1962b Jordan et al., 1950; Karlen et al., 1987 Karlen et al., , 1988 Sayre, 1948) , although there have been some more recent recommendations for specific nutrients (Bundy, 2004; Fernández, 2012; Sawyer and Mallarino, 2007 2 of 7
assumptions that may not be accurate. This report will illustrate the changing plant nutrient requirements/ removals in corn at different yield levels resulting from varying plant density and N rate management systems in certain recent Indiana studies.
FIELD STUDIES
Nutrient content was determined six times during the growing season, corresponding with V5, V10, V15, R1, R3, and R6 growth stages as defined by Hanway (1963) . Four field experiments were conducted with conservation-till corn following no-till soybean in west-and north-central regions in Indiana (West Lafayette, and Wanatah, respectively) . Two Mycogen triple-stack hybrids (2T789 and 2M750) were evaluated with similar characteristics (comparative relative maturity at 114 days) under three seeding rates to obtain a final plant density of 22,000; 32,000; and 42,000 plants (pl)/A, and with three fertilizer N rate levels to promote different N supply scenarios: 22N, 100, and 200 lbs/A. The sole N source employed was urea-NH 4 NO 3 (UAN, 28-0-0). All treatments received 22 lbs N/A (10-34-0 or 19-17-0 as N-P 2 O 5 -K 2 O) as banded starter fertilizer at planting. The remainder of the N application rate was delivered as sidedressed UAN at about the V6 growth stage. Plot sizes were six rows, 15 ft wide (30-inch row spacing) and 105 ft in length. Pest management was implemented as needed to avoid any confounding effect from weeds, diseases, and insects. Soil pH (which ranged from 5.8 to 6.5 units), available P (>33 mg P kg -1 ), exchangeable K (>112 mg P kg -1 ), and all micronutrient concentrations were well above critical levels; thus, those nutrients were not expected to constrain crop productivity .
The experimental design was a split-split-plot with six replications (blocks). At each specific site-year, the factors evaluated were hybrid (main-plot), plant density (PD; subplot), and fertilizer N rate (sub-sub-plot). The site, years, and all treatment factors (hybrid, PD, and N rate) were used as fixed factors because the utilization of only two sites and two years were not sufficiently comprehensive to accurately conclude that these factors were random. Blocks within each experiment were considered as a random factor. For yield, biomass, and total plant nutrient concentrations, an ANOVA was performed using SAS PROC MIXED (SAS Institute, 2004) (Table 1 ). The main factors were the PD and N rate (due to the minor hybrid effect; and its interaction. Table 1 . Grain yield (15.5% moisture) from combine harvest (bu/A), total plant biomass (lbs/A), and total plant nutrient concentration (%, g nutrient per 100 g dry matter [DM] ) at maturity across two maize hybrids grown at three plant densities (PD) and N rate (Nr) levels across two locations (at Pinney-Purdue Agricultural Center and Purdue University Agronomy Center for Research and Education) and two growing seasons (2010 and 2011) . **Significant at the 0.001 probability level.
***Significant at the 0.0001 probability level. † ns = not significant (P > 0.05).
NUTRIENT CONTENT DYNAMICS (IN RECENT INDIANA RESEARCH)
In this paper, we will adapt selected information recently published to outline new approaches to determination of nutrient sufficiency for modern hybrids. The focus of this article is on a single PD level since grain yield was maximized at the normal PD (32,000 pl/A) and total plant biomass and N uptake did not substantially differ among the plant density levels evaluated ( Corn biomass accumulation was rapid from early vegetative (V5 stage) to early reproductive (R3 stage) during the growing season. The N rate factor significantly influenced total plant biomass accumulation and N uptake from V10 towards the end of the season. The effect of sidedressed N was already evident at a mid-vegetative growth stage (V10) (yellow-blue vs. red lines) with progressively more biomass as the crop season advanced. The advantage in biomass gain between the highest (200N) versus the intermediate (100N) N scenarios was more obvious at flowering time (R1 stage), but was especially reflected in greater biomass accumulation during the reproductive period. Across all N rates evaluated, 56% of the total biomass was accumulated during the vegetative period before flowering (R1) with 44% accumulated during the reproductive period relative to the total biomass attained at the end of the crop season.
The rate of uptake, the total amount of each nutrient at each growth stage, and the proportion of total uptake at the time of flowering (timing) were greatly influenced by the N rate applied. The effect of better N nutrition was already reflected early in the season (from V5 onward), with higher N content with 200 lbs N/A as compared with both the 100 and 22 lb N rates. From V15 towards maturity, the plant N uptake ranking was unmodified, with a significantly greater N uptake for 200N > 100N > 22N (Fig. 1 ). Across the three N rates, approximately 71% of total N was accumulated before flowering. The highest .
N rate helped to sustain a greater N content during the reproductive period (yellow lines; Fig. 1 ) as compared to both the intermediate (100 lbs N/A) and low N (22 lbs N/A) levels (blue and red lines). Therefore, the highest N rate promoted higher grain yield, biomass, and total N content mostly because of accumulating more mass and N after flowering.
The timing and quantities of whole-plant uptake for nutrients other than N were also impacted by N rates. Phosphorus (P), S, K, Zn, and Mg accumulations during the reproductive period were much higher with the 200 lbs N/A as compared with lower N rates (Fig. 1) . For K and S, a clear separation in nutrient uptake among N rate levels (ranking 200N > 100N > 22N) was documented from V10 onward; while for P, the N rate influence was evident from V15 towards maturity. For Zn and Mg, the N rate effect was delayed until flowering (R1) but then it also persisted until the end of the season (R6, maturity). In terms of the timing of nutrient uptake, S followed a very similar pattern as reported for biomass, with 58% of S accumulated before flowering. Phosphorus and Zn were quite similar in overall timing of nutrient content, with 45% of P and Zn being taken up before flowering; while the Mg content pattern was similar to that observed for N since 71% was taken up before flowering. However, corn plant K content timing was much different; 90% of all plant K content occurred before flowering.
Higher plant densities (ranging from 22,000 to 42,000 pl/A) promoted more nutrient content before flowering but, as presented below, there was very little change in whole-plant nutrient content at maturity for the three plant densities evaluated across hybrids, N rates, and environments (Table 1) .
WHOLE PLANT NUTRIENT CONTENT REQUIREMENT AT DIVERSE YIELD LEVELS
The information related to the whole-plant nutrient content needed per unit of yield produced can complement existing diagnostic tools to predict fertilization needs and more precisely define the right rate to be applied for a target yield level in a specific environment. In most of the scientific papers and extension reports, simple mean values are reported as a constant nutrient content requirement per unit of crop yield (Bundy 2004; Fernández, 2012; Sawyer and Mallarino, 2007; Vitosh et al., 2000) . Although those values can be useful from a practical viewpoint, more science-based information including the nutrient requirements of current hybrids could be used in precision agriculture technologies to help produce more valid variable rate fertilizer maps. The key issue is whether those crop nutrient requirements change across diverse yield levels and, if so, what is the direction of change (e.g., do specific nutrient requirements increase or decrease as yields change?). Information from our published papers ) were used to demonstrate the patterns for corn plant content of N, P, K, and S nutrients at progressively higher yield levels in response to management practices (Fig. 2) .
Whole-plant nutrient content of N, P, K, and S per unit of yield increased rather substantially in these genetic/environment/management situations as total crop grain yield improved. For example, crop nutrient requirement of N increased from 0.4 to 1.3 lbs N/bu within a yield range from 87 to 299 bu/A (with comparable threefold variations for plant N and corresponding yields). However, plant Zn and Mg content per unit of grain was relatively unchanged (Fig. 2) . The main changes in crop nutrient requirement documented for N, P, K, and S are related to major changes in total plant and grain mass as yields improved (e.g., under diverse N rates; Table 1 ), while for Zn and Mg improvements in yield were accompanied by overall declining plant nutrient concentrations (Table 1) , resulting in a general unchanging crop nutrient requirement throughout the diverse yield ranges explored (Fig. 2) .
Consultants or agronomists often use the mean nutrient requirement value (e.g., more specifically for N) obtained from public or private research institutions to calculate the amount of nutrient needed for a specific yield target. Available soil nutrient levels need to be determined first, but a common nutrient management strategy is to maintain given soil P, K, and S nutrient levels by replacing nutrients removed in the harvested grain. Estimation of the nutrients removed is usually based on a common mean grain nutrient concentration, but this approach is not valid if grain nutrient concentrations vary with yield levels. Table 2 compares corn nutrient requirements based on a "constant approach," to replace nutrient removal in grain using a mean value for N, P, and K whole-plant nutrient content from recent literature (Bender et al., 2013) (overall corn yield of 230 bu/A) versus a yield-specific approach estimated from values presented in Fig. 2 .
The assumptions of constant nutrient removal rates of 1.11 lbs N/bu, 0.44 lbs P 2 O 5 /bu, and 0.78 lbs K 2 O/bu that are consistent across yield levels (Bender et al., 2013) were employed to calculate the nutrient requirement at diverse yield levels (Table 2 ). In the "variable approach" data from Fig. 2 was also used to estimate nutrient requirements in the same yield range levels. At certain intermediate yield levels, both approaches provide similar estimations of whole-plant nutrient contents for N, P, and K (Table  2) . Nonetheless, below and above these yield ranges, the "constant approach" overestimated and underestimated nutrient content for low and high yields, respectively. The relative variation between the two methods for estimating crop nutrient requirement seemed to be largest for N and K and smallest for P.
In summary, corn at diverse yield levels can, in certain cases, require quite different nutrient content quantities per unit of yield for N, P, K, and S, but probably not for Mg and Zn. Farmers, consultants, and agronomists should acknowledge that high-yielding cropping systems may result in a substantially higher demand for some nutrients than those estimated by a "constant approach," and that the proportional nutrient requirement change may not be a simple and stable constant for all major-and micronutrients per unit of yield change. The "constant approach" tends to overestimate the total plant N requirement per unit of yield under more yield ranges (from 87 to 207 bu/A) as compared to the "variable approach". For P and K, the "constant approach" also overestimated nutrient removals, but across a smaller yield range (<150 bu/A for P and <110 for K). However, the use of the "constant approach" tends to underestimate total plant nutrient needed per unit of yield for N under high-yielding corn environments (>210 bu/A) and under diverse yield ranges for P and K (Table 2) . Management research, like that described above, should be conducted in many additional environments with other hybrids, soil test nutrient concentrations, and weather conditions. Nevertheless, results from these sites suggest that producers in high yield corn systems may need to alter requirement assumptions for specific nutrients whose total plant nutrient content is more likely to be "yield responsive."
GRAIN NUTRIENT REMOVAL
Estimation of nutrient quantities removed in the grain has often been used to estimate nutrient replacement rates on individual fields, or portions of fields, to maintain soil test levels. Grain nutrient removal is the Figure 2 . Whole-plant nutrient content per unit of yield, expressed in lbs/bu, under diverse yield ranges (expressed in 15.5% moisture, bu/A) produced at the end of the crop season across plant density, N rate, hybrid, sites, and years. The upper and lower ends of the boxes for each nutrient displays the first and third quartiles, the horizontal line represents the median for each plant nutrient uptake per unit of yield ratio, and the ends of the whiskers portrays maximum and minimum boundaries for the entire dataset evaluated in each specific yield range level. The values presented above each box, under each specific yield range, represent the median whole-plant nutrient content per unit of yield (lbs/bu). The numbers in parentheses refer to the individual number of data points collected from each individual yield range (total observations were 216 points) .
outcome of new nutrient content during the reproductive period and nutrients that are remobilized from other plant structures (such as leaf and stem organs). The coefficient that has the most impact on the amount of nutrient present in the grain compared to the whole-plant nutrient content is the nutrient harvest index (HI). In our research, nutrient HIs displayed higher efficiency at normal plant density than at high density even though high densities can increase overall content of some nutrients (such as N and K; Table 3 ). From the plant nutrient content perspective, N and K are the two most abundant nutrients needed for corn hybrids but they differ considerably in timing of nutrient uptake (Fig. 1) as well as in the final nutrient HI. In terms of efficiency, P, S, N, and Zn (in that order) reflected the highest nutrient HIs with more than 58% of total plant content being removed in the grain. In contrast, less than a third of the plant K content is removed in the grain. Grain nutrient removal (lbs/bu) was very similar across plant densities (Table  3) . Overall nutrient removal values seemed to be more related to the yield than to any particular influence of the diverse density or N rate management treatments evaluated in this research project.
Nutrient removals for P 2 O 5 and K 2 O shown in Table 3 are above the standard values previously documented by Vitosh et al. (2000) . The latter outcome seems to be a consequence of the higher yields explored in this research project, but may be associated with other genetic changes over time and the expected interactions with the environments and management practices employed. Ideally, similar research resulting in a wide range of actual yields within experiments should be undertaken with a broader range of current commercial hybrids and in diverse production environments. Average nutrient removal values in certain production regions may need to be updated to fairly reflect yield improvements experienced at the cropping system level. Nevertheless, as documented for the whole-plant nutrient requirement (Table 1) , nutrient removals presented in Table 3 may be most accurate as reference values in the 200 to 210 bu/A yield range.
SUMMARY
From a practical viewpoint, nutrient fertilizer recommendations at the state (or multi-state) level could be improved if more nutrient content and harvest index information from applied research studies are summarized using modern hybrids under varying yield ranges. Three main points are noteworthy from this investigation: (i) high-yielding cropping systems may require more whole-plant nutrient content (with emphasis on N, P, K, and S nutrients) per unit of yield (thus Table 2 . Whole-plant nutrient (e.g., N, P, and K nutrients) content as related to the yield level calculated using two different approaches with constant crop nutrient requirement compared with the "observed" data collected from recent Purdue University research 
demonstrating a less than proportional yield-nutrient content relationship); (ii) the primary impact of management practices such as plant density and N fertilizer rates on the dynamics of corn plant nutrient content was attributed to the cropping system influence on biomass production and yield levels; and (iii) actual grain yield level appeared to be the main factor defining grain nutrient contents (because of both higher grain nutrient concentrations and higher nutrient HI for some nutrients), and thus the nutrient removal rates. Because, for some essential nutrients, whole-plant nutrient content increases with biomass production, ensuring adequate nutrient supplies for modern hybrids may benefit from the use of integrated decision aids such as the preliminary "variable approach" proposed here.
Considerably more information is still required, but using this data to better understand nutrient content and removal may assist in implementing, in a more precise manner, the best management practices for fertilizer and nutrient management to help meet needs of modern corn hybrids at a wide range of yield levels. Table 3 . Total whole-plant nutrient content, grain nutrient content, nutrient harvest indices, and nutrient removal coefficient (grain nutrient content to grain yield ratio) at normal (32,000 pl/A) and high (42,000 pl/A) plant density levels at the highest fertilizer N rate applied (200 lbs/A) across all environments evaluated. Grain yields were 210 bu/A under normal density and 200 bu/A with high density. Vitosh et al. (2000) .
